It has been proposed that one route of behavioral evolution involves novel regulation of conserved genes. Age-related division of labor in honey bee colonies, a highly derived behavioral system, involves the performance of different feeding-related tasks by different groups of individuals. Older bees acquire the colony's food by foraging for nectar and pollen, and the younger ''nurse'' bees feed larvae processed foods. The transition from hive work to foraging has been shown to be socially regulated and associated both with decreases in abdominal lipid stores and with increases in brain expression of genes implicated in feeding behavior in Drosophila melanogaster. Here we show that division of labor is influenced by a canonical regulator of food intake and energy balance in solitary species, the insulin/insulin-like growth factor signaling (IIS) pathway. Foragers had higher levels of IIS gene expression in the brain and abdomen than did nurses, despite their low lipid stores. These differences are likely nutritionally mediated because manipulations that induced low lipid stores in young bees also up-regulated these genes. Changes in IIS also causally influenced the timing of behavioral maturation: inhibition of the insulin-related target of rapamycin pathway delayed the onset of foraging in a seasonally dependent manner. In addition, pathway analyses of microarray data revealed that nurses and foragers differ in brain energy metabolism gene expression, but the differences are opposite predictions based on their insulin-signaling status. These results suggest that changes in the regulation of the IIS pathway are associated with social behavior.
It has been proposed that one route of behavioral evolution involves novel regulation of conserved genes. Age-related division of labor in honey bee colonies, a highly derived behavioral system, involves the performance of different feeding-related tasks by different groups of individuals. Older bees acquire the colony's food by foraging for nectar and pollen, and the younger ''nurse'' bees feed larvae processed foods. The transition from hive work to foraging has been shown to be socially regulated and associated both with decreases in abdominal lipid stores and with increases in brain expression of genes implicated in feeding behavior in Drosophila melanogaster. Here we show that division of labor is influenced by a canonical regulator of food intake and energy balance in solitary species, the insulin/insulin-like growth factor signaling (IIS) pathway. Foragers had higher levels of IIS gene expression in the brain and abdomen than did nurses, despite their low lipid stores. These differences are likely nutritionally mediated because manipulations that induced low lipid stores in young bees also up-regulated these genes. Changes in IIS also causally influenced the timing of behavioral maturation: inhibition of the insulin-related target of rapamycin pathway delayed the onset of foraging in a seasonally dependent manner. In addition, pathway analyses of microarray data revealed that nurses and foragers differ in brain energy metabolism gene expression, but the differences are opposite predictions based on their insulin-signaling status. These results suggest that changes in the regulation of the IIS pathway are associated with social behavior.
Apis mellifera ͉ behavioral maturation ͉ social insect ͉ nutrition ͉ foraging A n important problem in biology is to understand the molecular basis for complex behavior. It has been proposed that one route of behavioral evolution involves novel regulation of conserved genes (1) . It is well established that orthologous sets of genes regulate the development of body plans across taxa (2) , but this idea has only recently begun to be tested for behavior (3, 4) .
Age-related division of labor in honey bee colonies involves the performance of different food-related tasks by different groups of individuals. Nurse bees feed brood for the first 1-2 weeks of adult life, process and store food for another week, and then shift to foraging for nectar and pollen at Ϸ2-3 weeks of age (5) . This division of labor is socially regulated; bees speed up, slow down, or reverse their maturation in response to colony needs (6) . Although the mechanics of foraging in honey bees are similar to food-gathering in solitary bees, there are fundamental differences. Honey bees forage to improve the fitness of the colony rather than their own; they collect food when their colony needs it. Honey bees feed on honey before exiting the hive to fuel their foraging flights, and most of the food obtained on a foraging trip is not for their own sustenance.
We hypothesized that the regulation of honey bee behavioral maturation involves previously undescribed roles for widely conserved nutrient-sensing or metabolic pathways, for the following reasons. (i) Nutrition has an important role in honey bee agerelated division of labor (5) . The onset age of foraging is affected by experimentally induced changes in nutritional status (7, 8) and the expression of a nutritionally related gene (9) . (ii) Onset age of foraging also is affected by experimentally induced changes in the expression of genes related to feeding behavior in Drosophila (10, 11) . (iii) Nurses have much larger lipid and protein nutrient stores than foragers (12) . Large lipid stores may be functionally associated with nursing behavior because bees that are forced to revert from foraging to brood care do not regain large lipid reserves and are not as good at rearing brood as typical nurses (13) . The striking loss of abdominal lipid that occurs before the onset of foraging (12) is thought to increase individual foraging performance (14) . (iv) Nutritional differences between nurses and foragers occur even though all colony members are exposed to the same food stores inside the hive, further suggesting close coupling of nutritional status and behavior.
Insulin/insulin-like growth factor signaling (IIS) is a key regulator of both metabolism (15) and feeding-related behavior (16) . Food intake or high levels of nutrient stores leads to enhanced synthesis of insulin (17) or (in insects) insulin-like peptides (ILPs) (18) and represses the synthesis of glucagon or (the insect equivalent) adipokinetic hormone (AKH) (19) . IIS also up-regulates both the intracellular target of rapamycin (TOR) pathway (20) and juvenile hormone (JH) (21, 22) . JH is known to be involved in the regulation of honey bee behavioral maturation (23, 24) .
We tested the hypothesis that behavioral maturation in honey bees entails a previously undescribed regulation of IIS with gene expression analyses, behavioral analyses of foraging ontogeny after pharmacological manipulations, and pathway analyses of microarray data.
Results

Characterization of Insulin-Related Neuropeptide and Receptor
Genes. The honey bee genome contains genes encoding two ILPs (AmIlp1 and AmIlp2), AKH (AmAkh), and the putative receptors for these peptides (AmInR1, AmInR2, and AmAkhR) (25) (26) (27) . Several lines of evidence indicate a role for AmIlp1 as a functional insulin propeptide gene. AmIlp1 is positively regulated in larvae by good larval nutrition and is much more highly expressed in larvae than AmIlp2 (27) . Phylogenetic analysis also indicates that AmIlp1 is more closely related to other ILPs than is AmIlp2 [supporting information (SI) Fig. 4 ]. many IIS functions (19, 28) , whereas insulin receptor signaling has distinct roles in central and peripheral tissues (29, 30) . Therefore, we focused on the expression of ILPs and AKH in the brain and expression of receptors in both brain and abdominal tissues. Abdominal gene expression represents a composite of several target tissues for these peptidergic systems (including gut and fat body).
Brain AmIlp1 and abdomen AmInR1 and AmInR2 were significantly more highly expressed in foragers than nurses ( Fig. 1A  and SI Fig. 5 ). AmAkh and AmAkhR expression did not differ consistently between nurses and foragers (SI Fig. 5 ). These results indicate that despite low adiposity relative to nurses, foragers have enhanced insulin production and responsiveness. Results from dietary manipulations support the hypothesis that differences between nurses and foragers in IIS gene expression are caused by the decline in nutritional status associated with behavioral maturation. Caged 4-and 6-day-old bees fed only sugar had significantly higher expression of brain (or head) ilp1 (Fig. 1B) and both brain and abdomen inR1 (Fig. 1B) than did bees fed sugar and (lipid-and protein-rich) pollen. Nutritional differences between the two diets are reflected by findings that the sugar-only diet resulted in significantly lower (forager-like) lipid stores and mRNA levels for vitellogenin (vg) (SI Fig. 6 ). VG is a principal storage protein in bees that is typically more abundant in nurses than foragers (31) .
Poor nutrition also increased brain ilp1 expression in the field (Fig. 1C) , but results varied with season and colony size. In trials performed in early summer with small colonies, chronic food deprivation increased brain ilp1 in 5-day-old bees relative to bees of the same age from well fed control colonies. This effect was significant in 1 of 3 individual trials, but an overall analysis showed a significant effect of diet on brain ilp1. The same effect was seen in late summer in (typical) large-sized colonies (one trial), but in small colonies (both single-cohort colonies and typical colonies), food deprivation decreased brain ilp1 in late summer. These results indicate that poor nutrition can increase brain ilp1 in the field as in the laboratory, but this effect depends on seasonal factors that are less potent in larger colonies. Given that foragers are less adipose than nurses, these results suggest that up-regulation of ilp1 and inR1 in foragers is attributable to their decreased nutritional status. We tested whether insulin-signaling pathways influence honey bee behavioral maturation by determining the effect of oral treatment of rapamycin (a TOR inhibitor) on the age at onset of foraging. We hypothesized that rapamycin delays the onset of foraging because increased IIS up-regulates the TOR pathway (20) .
Rapamycin delayed the onset age of foraging in a seasonally dependent manner ( Fig. 2A ). Rapamycin caused a significant delay in foraging ontogeny in a combined analysis of five trials conducted during early summer. By contrast, rapamycin did not influence the age at first foraging in an analysis of four latesummer trials. There was a significant interaction between the effects of rapamycin treatment and season.
The seasonal effect of rapamycin is consistent with other seasonal changes related to division of labor. Late-summer bees initiate foraging later in life than early-summer bees in temperate climates (32) , as in our experiments ( Fig. 2 A) ; this difference is associated with maintenance of larger lipid stores later in life (33, 34) and lower blood titers of JH (35) . These changes enable late-summer bees to overwinter inside the hive and survive several months longer than do bees emerging earlier in the summer (5) .
Although the seasonal effect of rapamycin is consistent with the nutritional and endocrine seasonal changes, results from two 2 ϫ 2 factorial experiments revealed that they are not causally related. These experiments were conducted independently of the original rapamycin experiments, in a second field season. As in the first field season, rapamycin delayed the onset of foraging in early summer but not late summer ( Fig. 2 B and C) . Methoprene (a JH analog) caused precocious foraging as expected (24) but did not significantly interact with rapamycin to regulate the onset age of foraging and did not alter the seasonal change in response to rapamycin (Fig. 2B) . Similarly, bees fed a richer diet (honey and pollen) showed a trend toward a later onset of foraging relative to those fed sugar alone (a weaker effect than expected from ref. 7 but in the same direction), but diet did not significantly interact with rapamycin to regulate the onset of foraging and did not alter the seasonal change in response to rapamycin (Fig. 2C) . These results indicate that factors other than JH and nutrition mediate the seasonal differences in response to rapamycin. We did detect a seasonal change in insulin signaling itself that might explain the rapamycin results. We performed additional experiments to examine trial-by-trial variation in brain gene expression between collections of nurses and foragers made early and late in the summer. In trials that used small colonies (the same colonies as in Experiment 1), there was a late-summer decline in ilp1 expression in forager brains (Fig. 2D) but not in large colonies (Fig. 2E ). Although these data come from only one field season, they suggest that insulin signaling is sensitive to seasonal factors, but, as was true for food deprivation, large colonies are buffered from these seasonal changes. Because our experiments with rapamycin were performed with small colonies, the effect on foraging ontogeny may have disappeared late in the summer because IIS was already low in these colonies.
Experiment 4: Up-Regulation of Brain Energy Metabolism Pathways in
Nurses Despite Low Insulin Signaling. We obtained additional evidence for atypical regulation of insulin signaling by annotating energy metabolism pathways with results from three previously published microarray experiments (36, 37) . These experiments produced three lists of genes that were differentially expressed: (i) in the brains of nurse bees and foragers; (ii) in response to methoprene, which accelerates the onset age of foraging (23); and (iii) in response to queen mandibular pheromone (QMP), which delays the onset age of foraging (38) . Insulin signaling both regulates and is regulated by changes in energy metabolism, and generally there is a positive correlation between insulin signaling and energy metabolism gene expression in a variety of species and tissues (39 -41) . To test whether this positive relationship is present in the honey bee brain, we mapped genes to conserved energy metabolism Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (42) and performed statistical tests for enrichment and directional bias on each list of genes generated by the microarray experiments (37) .
The list of genes differentially expressed in the brains of nurses and foragers was not significantly enriched for energy metabolism genes (37) . However, differentially expressed energy metabolism genes were predominantly up-regulated in nurse bees (Table 1) , including five of six in the citrate cycle (Fig. 3) . These results suggest that the brains of nurses have higher capacity for energy metabolism than forager brains, in contrast to their lower IIS gene expression. By contrast, foragers have a higher overall metabolic rate (43) and expression of oxidative phosphorylation genes in the thorax and abdomen (44) , and proteomic analyses show higher protein expression for several classes of energy metabolism enzymes in whole-body samples of foragers compared with nurses (45). These differences likely reflect the activity of tissues such as flight muscle that are more directly involved in increased forager metabolism.
Although circulating titers of JH are higher in foragers than nurses, treatment with the JH analog methoprene caused a nurse-like shift in brain energy metabolism gene expression. Energy metabolism genes were enriched among genes regulated by methoprene in the brain, but they were up-regulated (Table 1 ). This result is in contrast to the finding that methoprene causes forager-like changes in overall brain gene expression (36, 37) . QMP causes nurse-like overall changes (36) but did not affect brain energy metabolism gene expression (Table 1) .
Discussion
Molecular pathways that regulate hunger and food-gathering behavior in solitary species inf luence the age at which worker honey bees shift from working in the hive to collecting food for their colony. Therefore, the regulation of honey bee division of labor, a highly derived trait, involves widely conserved nutrient-sensing or metabolic pathways, in addition to previously implicated feeding-related (10, 11) and nutritionally related genes (9) . 
nursing). (E) Expression of ilp1 in brains of nurses and foragers
collected from large colonies in early and late summer. * , P Ͻ 0.05, *** , P Ͻ 0.001.
The finding that IIS gene expression is up-regulated in the brain by low nutrient stores and in foragers (previously reported in ref. 22 ) differs from commonly observed patterns of expression in other species in two ways. First, the direction of the response is reversed; high levels of nutrient stores typically lead to enhanced insulin signaling (17, 18) . Second, whereas we found that AmIlp1 and AmInR1 expression were positively correlated, insulin-signaling activity down-regulates insulin receptor gene expression in Drosophila and in vertebrate cell lines by inhibiting FoxO (46, 47) . This feedback results in a homeostatic mechanism that ensures a rapid but brief response to nutritional changes.
Our results suggest roles for insulin signaling in the brain and fat body. Increased ilp1 production in the brain may inf luence behavior through local action on neuronal circuits that control foraging and also may affect non-brain targets, such as the fat bodies in the abdomen. High levels of inR1 and inR2 in the abdomen should maximize the responsiveness of abdominal tissues to circulating ILPs. However, we cannot discern whether the increase in insulin signaling during behavioral maturation is a cause or consequence of lipid loss. A few studies in other insect species suggest that ILPs can have catabolic functions in insects (48) , so a causal relationship is possible. The nature of this speculative brainϪabdomen communication system in bees is unknown, but similar systems are well studied in vertebrates (49) .
It is possible that the combination of high brain ilp1 and high abdominal inR1 in foragers reflects a change in the adipostatic set point relative to nurses, rather than the traditional homeostatic mechanism associated with insulin signaling. In this view, the combination of high insulin synthesis and high insulin sensitivity maintains, or perhaps causes, a shift from high to low adiposity during behavioral maturation (and in response to experimental nutritional manipulations). Similar reasoning has been used to explain relationships between nutrient-sensing pathways and variation in nutrient stores in the contexts of mammalian torpor (50, 51) and insect diapause (52) .
''Reversed'' IIS gene expression and the suggested set point regulation do not occur in all contexts in honey bees. More typical homeostatic regulation is seen during larval development; ilp1 in honey bee larvae is up-regulated by good nutrition (27) . It is not known why these differences in IIS in honey bees appear to be limited to behavioral maturation. Perhaps this is because the system of social foraging in honey bees requires that they forage when they are not personally hungry.
There were seasonal changes in IIS brain gene expression and the effects of IIS on behavioral maturation, but these changes were limited to small, not large, colonies. We speculate that this might have been because large colonies are able to maintain more stable levels of food stores (5) and that the seasonal effects we detected in late summer in small colonies would have been detected in large colonies sampled later in the fall than we did. It is possible that our use of small colonies made it easier to expose the seasonal effects of IIS in honey bee colonies.
A surprising result was that the transition from in-hive tasks to foraging was associated with a decrease in whole-brain energy metabolism gene expression that does not appear to be caused either by insulin or by JH, two hormones that have causal effects on behavioral maturation. Alternatively, insulin might regulate these changes, but in the opposite direction to other tissues and species. Perhaps high levels of brain energy metabolism are required in Published expression data (36, 37) were mapped to KEGG energy metabolism pathways. Enrichment (over-and under-representation) of differentially expressed genes in each pathway was determined using a hypergeometric test, and directional biases of differentially expressed genes were determined using a 2 test. Ratios in bold differed significantly from null hypothesis. ** , P Ͻ 0.01; *** , P Ͻ 0.001. Fig. 3 . Citrate cycle genes are up-regulated in the brains of nurse bees. Gene expression in whole brains of nurse bees and foragers was measured on cDNA microarrays (37) . Expression data were mapped to pathway diagrams compiled by KEGG. P values are based on ANOVA described in ref. 37 . Abbreviations for gene names are based on SwissProt naming conventions. N.S., Not significant. nurses for energy-intensive processes such as brain plasticity that are not necessarily correlated with metabolism in other tissues. Changes in brain structure occur throughout the lifespan of worker honey bees but are more intense in young bees (53) .
Another explanation for the high levels of brain energy metabolism in nurse bees is that whole-brain analyses of energy metabolism pathways do not adequately ref lect what is going on in specific brain regions. In most insect brains, ILPs are produced primarily in a small cluster of neurosecretory cells (48) , but the distribution of insulin receptors in the bee brain is not known.
Insulin signaling influences diverse aspects of phenotypic plasticity in honey bees. Insulin signaling has been implicated in the regulation of caste (queen vs. worker) determination in honey bees (27, 54) , and insulin-signaling genes are among the more promising candidate genes located in quantitative trait loci associated with genetic variation for honey bee foraging behavior (55) . Several models have been proposed to explain how insulin signaling can influence diverse aspects of phenotypic plasticity in honey bees (22, 55, 56) . Our experiments confirm a specific prediction of Corona et al. (22) by showing that low nutrient stores can increase insulin signaling. However, the context specificity of this effect implies that interactions among insulin signaling, nutrition, JH, Vg, and the environment are more complicated than had previously been imagined.
Our results support the notion that molecular pathways that govern nutritional state and feeding behavior in solitary animals represent one ''toolkit'' that can be used in the evolution of division of labor in social insects (4) . Learning how and why some components of insulin-signaling pathways are more evolutionarily labile than others will help understand the molecular basis of behavior.
Methods
Behavioral Collections. Honey bees (Apis mellifera) were collected from four small colonies (Ϸ10,000 bees; Experiment 1, Trials 1-4) and two large colonies (Ϸ30,000 bees; Trials 5 and 6) while performing nursing or foraging behaviors, observed and identified in typical fashion (10) . Nurses were collected after they repeatedly placed their heads into honeycomb cells containing larvae (10) , and foragers were collected as they returned to the hive with visible loads of pollen on their legs. In Experiment 4, nurse bees were identified by age and location in the hive, not behavior; these also are robust identification methods (57) . Once captured, bees were flash-frozen in liquid nitrogen, and qPCR analyses were performed on insulin-signaling and AKH-signaling genes in brain and abdomen. Collection timing is described in Results.
Nutritional and Pharmacological Treatments. One-day-old bees were obtained by removing frames of pupae from typical field colonies and placing them in an incubator (34°C and 80% relative humidity). For behavioral analyses, bees were marked with a dot of colored paint (Testor's PLA) on the thorax. Groups of 35 (lipid analyses) or 50 bees (behavioral and molecular analyses) were placed into Plexiglas cages (36), caged for 3-5 days in constant darkness, and fed ad libitum a sugar diet (sugar syrup, 50% sucrose/water wt/vol; or bee candy, 80% confectioner's sugar, 20% sugar syrup) or pollen paste (45% pollen/45% honey/10% water). Rapamycin (LC Laboratories) was administered chronically during the entire caging period and delivered orally, 10 mg/g in food. Methoprene was administered chronically for the entire caging period and delivered orally, 4 mg/g food (58) . For analyses of foraging ontogeny, bees were placed into colonies after 3 days. For lipid and RNA analyses, bees were flash-frozen in liquid nitrogen (10) . qPCR analyses were performed on the genes that showed the most consistent differences between nurses and foragers, ilp1 and inR1.
Food Deprivation. Paired single-cohort colonies were established (7), each with a queen and 1200 1-day-old bees derived from the same source colonies. Food-deprived colonies were fed honey for 2 days, then completely deprived of food for 2 days. Well fed colonies were provided with excess honey and pollen for the entire trial. For food deprivation of colonies with typical age demographies, 1-day-old bees were marked with paint for identification and placed into a pair of size-matched colonies. Two days later, all honeycomb frames that contained food were removed from one colony and replaced with empty frames, and the paired colony was sham manipulated. After 1-2 days of food deprivation, focal bees were collected. One trial was performed with small colonies (Ϸ10,000 bees, occupying one Langstroth hive box), and one trial was performed with large colonies (Ϸ30,000 bees, occupying three hive boxes). Bees were collected by flash-freezing at dawn when they were 5-days-old, before the onset of foraging, and qPCR analyses were performed on ilp1 and control gene expression in brains or heads.
RNA Extraction and qPCR. Total RNA was extracted from dissected brains (44), whole heads, or whole abdomens. cDNA was synthesized from 200 ng of total RNA. qPCR was performed by using an ABI Prism 7900 sequence detector using specific primers (SI Table 2 ). Results for experimental genes were normalized to a validated control gene, rp49, using a standard curve or ⌬⌬Ct method or to an exogenous RNA spiked into a master mix before cDNA synthesis (22, 44) (see SI Table 2 ).
Quantification of Abdominal Lipid. Lipid from abdominal fat bodies was extracted in chloroform/methanol and quantified by using a colorimetric assay with vanillin/phosphoric acid (8) .
Behavioral Analyses of Age at First Foraging. Methods were slightly modified from ref. 11. After 3 days of treatment in cages, all surviving bees (Ͼ90% survival) were placed into a single-cohort colony made with 1000 1-day-old (untreated) bees and a queen. Each trial included one to three cages (50 -150 bees) per group. Colonies were observed for at least 3 h/day for the following 5-7 days, including the first 5 days on which bees foraged. Bees were captured briefly as they returned from their first foraging flight, identified by treatment group, and marked with an additional dot of paint on the abdomen so that they could be identified as experienced foragers. At the conclusion of the experiment, colonies were killed by flash-freezing with liquid nitrogen, and all focal bees remaining in the hive were censored. We performed nine independent trials with rapamycin-treated bees and untreated controls fed bee candy, four trials with combinatorial rapamycin and methoprene treatments fed pollen paste, and two trials with rapamycin treatments in combination with bee candy or pollen paste diet. Dates of trials are given in Results.
Statistical Analyses. Following normalization procedures, qPCR and lipid data were analyzed by using one-, two-, or three-factor ANOVA in SAS (PROC MIXED). ANOVA was followed by pairwise comparisons with Tukey post hoc corrections for multiple comparisons. Age at first foraging results were treated as survival data and analyzed by using Cox Proportional Hazards (PROC PHREG). Unless otherwise indicated, the main effect of trial was confounded with variation between qPCR runs and thus is not shown. Main effects of group, treatment, or diet for pooled trials are shown.
Pathway Analyses of Microarray Data. Lists of differentially expressed genes (ANOVA; nurse vs. forager, P Ͻ 0.001; methoprene vs. untreated, P Ͻ 0.05; QMP vs. solvent, P Ͻ 0.05) were obtained from three previously conducted microarray experiments (36, 37) . These lists were annotated with a revised set of ApisϪDrosophila melanogaster orthologs kindly provided by C. Elsik of Georgetown University (personal communication). Based on these orthologs, we mapped the gene lists to the following KEGG energy metabolism pathways: oxidative phosphorylation (map00190), citrate cycle (tricarboxylic acid cycle; map00020), glycolysis (map00010), and fatty acid metabolism (map00071) (42) . We did this with online GeneMerge (59) and visualized these maps by manually annotating KEGG pathways with honey bee orthologs (www.genome.jp/KEGG). We performed two statistical tests on the results. First, in GeneMerge, we tested whether differentially expressed genes were enriched for energy metabolism pathways relative to the reference population of genes on the array (hypergeometric test). Second, we tested whether there was a directional bias among differentially expressed genes in each pathway toward higher expression in hive bees or foragers ( 2 test).
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